This paper considers a particular case of a robot body design method which determines degrees of freedom (DOFs) number and link parameters to maximize a target task performance, and feasibility of this design method is validated by several experiments. In this paper, the target task is to throw a ball a long distance, and a multi DOFs ball throwing robot is designed and manufactured for the experimental validations. Design parameters are the robot body parameters and its motion pattern, and they are designed to maximize ball reaching distance under long throw task conditions. To define the link lengths and the robot DOFs number as design parameters, it is assumed that robot links have identical actuators, and these link parameters are defined as functions of link lengths. This design method is applied to the manufactured ball throwing robot, and its body parameters and motion pattern are designed. The ball reaching distance is changed along with the DOFs number, and as a result, 5 DOFs robot body and its throwing motion are obtained, and the ball reaching distance is maximized. Finally, the ball throwing experiments of the designed 2 DOFs and 5 DOFs robots are executed in each 8 trial. Average values of the ball reaching distance are close to the calculation results, therefore, the feasibility of the calculation results is demonstrated.
Introduction
To perform a target task of a robot, design of the robot body and its motion is an essential problem. Especially, the robot body has an influence directly to realizability and performance of the target task, and the robot motion also changes by the robot body. In a conventional design method of the robot body and its motion, the target task is given at first. After that, the robot body shape and mechanism are designed, which have advantages for performing the target task. Then, a feasible motion pattern of the robot body is designed, and the task performance of the designed robot is validated by simulation or experiment. When the target task is multiple or complicated, the robot body is sometimes designed as a multiple link system. The robot motion, whose body is the multiple link system, generally becomes complicated. Therefore, the robot motion design methods for the multiple link system like a humanoid robot have been proposed. Yamane et al. transformed a human motion to a human figure motion (Yamane and Nakamura, 2003) or a humanoid robot motion (Yamane and Hodgins, 2009 ) satisfying dynamical consistency. Nakaoka et al. (2007) transformed a human dancing motion to a robot motion. A motion pattern of a humanoid is modified to a balanced motion by adjustment of a horizontal hip position (Nakaoka et al., 2010) . Kanoun et al. (2009) generated a robot motion satisfying constraints with higher priority. Suleiman et al. (2008) represents a motion trajectory using a spline function to define differential relations Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej. are made, and the new real ball throwing robot is built. For example, a hand link, an intermediate link and a base link of the ball throwing robot are designed and manufactured in order to apply the proposed method. The ball throwing robot model in the previous paper (Miyazaki et al., 2016b) did not consider the detailed hand opening mechanism gripping the ball. In this paper, the hand opening mechanism is manufactured and attached to the real robot. The trajectories of the joint angles are obtained as the calculation result and are given as the target motion pattern. The ball throwing motion is realized by PD control in the experiments. A ramp function is given as the target motion pattern of the hand opening motion whose hand angle changes at the ball throwing timing. The gain of the PD controller and the gradient of the ramp function are tuned so that the actual motion follows the target motion pattern during the ball throwing experiments. The ball throwing experiments of the designed robots are executed in several trials, and average values of the ball reaching distance are compared with theoretical values. From these results, the feasibility of the calculation results will be demonstrated.
In this paper, Section 2 represents nomenclatures. Section 3 describes the body and motion design of ball throwing robot. Section 4 describes the experimental validation. Finally, Section 5 describes the conclusion. Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) 
Nomenclature

. Ball throwing robot
A throwing task is one of fundamental skillful motion of human, and conventional studies about robot throwing task have been reported. Braun et al. (2013) designed a throwing motion of a robot manipulator which is driven by variable stiffness actuators. Kawai et al. (2012) designed a throwing motion of a humanoid robot through synchronization and desynchronization of DOFs. Senoo et al. (2008) realized a high-speed throwing motion of a robot manipulator based on a kinetic chain approach. Nagayama et al. (2016) developed a manipulator with variable viscoelastic joints, and its motion was demonstrated in throwing experiments. In this paper, a body and motion of a ball throwing robot are designed for maximizing a ball throwing performance. Figure 1 represents a link system of a control object, n DOFs ball throwing robot (Miyazaki et al., 2016b) . This robot is a planar serial manipulator, whose link system has n − 1 intermediate links and 1 hand link. To define the robot DOFs number as a design parameter, it is assumed that the intermediate and hand links have identical actuators, and these link parameters are defined as functions of each link length. Contrary to the given assumption, it is a natural way that different actuators are used on each joint. For example, high torque and heavy actuators will be used on base side joints, and lightweight actuators will be used on hand side joints. In (Miyazaki et al., 2015b) , actuators are automatically selected in the calculation algorithm. To realize the ideal body design, the DOFs number design and actuator selection should be considered simultaneously. However, it will become a complicated problem, therefore, authors assume that problem to be a future work. To simplify the body design problem, the target in this paper is limited to design the DOFs number and the link parameters. In Fig. 1, d b [m] is an expected ball reaching distance. To maximize d b , the robot body parameters and motion pattern are designed.
In this paper, a real system of the ball throwing robot was developed as shown in Fig. 2 , and its dynamic parameters are utilized as the body parameters in the calculation algorithm. The hand link of the robot holds a ball as shown in Fig. 3 , and is accelerated by the actuator outputs, and throws the ball. One DC servo motor is used for opening hand, therefore, n DOFs ball throwing robot has n + 1 actuators. The ball is stably gripped with the three fingers, and soft black sponges Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) are stuck on the surfaces of the fingers to prevent slippage when holding the ball. As shown in Fig. 3 left, the ball is held on the hand link and is accelerated. And after that, the ball is released from the hand link at the throwing timing when the expected ball reaching distance becomes maximum. The contact state between the hand link and the ball at the moment of the throwing timing is discussed. In this paper, the hand link and the ball are assumed as one rigid body while the robot grips the ball as shown in Fig. 3 left. The hand link and the ball are assumed to separate at the moment of the throwing timing which releases the ball by opening the hand link, and the contact force between the hand link and the ball is assumed to be zero at that moment. On the other hand, in human throwing motion, the contact force does not become zero at the moment of the hand opening, and the fingertip accelerates the ball by pushing. When using the human throwing model, it is thought that the expected ball reaching distance could be long. However, the calculation of the expected ball reaching distance becomes complicated. In this paper, the contact state is assumed as described above to express the throwing motion by a simple assumption. To satisfy this assumption, the ball releasing should be executed by opening the hand as shown in Fig. 3 right. The hand opening direction, which is the direction of the translational speed vector of the fingertip, is set to be orthogonal to the throwing direction. Due to this mechanical configuration, since the hand link and ball can separate immediately after releasing the ball. It becomes possible to calculate the expected ball reaching distance easily from the position and the speed of the ball at the throwing timing. The target motion pattern of the hand joint is given by a step function or a ramp function, and the rising time of these functions are adjusted to match the throwing timing. Identical DC servo motors are used as the actuators on each joint. The dynamic parameters of the ball throwing robot are shown in Table 1 . A height of joint 1 from a floor is 0.40 m. In (Miyazaki et al., 2016b ), Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00147] the height of joint 1 from the floor of the robot model was given as 1.0 m, and the ball throwing height in this paper is lower than 1.0 m. Therefore, the ball flying distance in this paper can become shorter than that of the paper (Miyazaki et al., 2016b) . The practical reason for lowering the height of the joint 1 from the floor is that when the ball throwing experiments are executed in an indoor environment, the short ball flying distance makes the measurement work easy and convenient. However, since the height of the joint 1 from the floor is a parameter of the base link and is not related to the robot dynamics, this value will not have a large influence on the joint DOFs number of the calculation result. For example, "the large influence on the joint DOFs number" means that when the height of the joint 1 from the floor is changed, the joint DOFs number which maximizes the ball flying distance becomes completely different. Initial link lengths are also defined as minimum lengths ℓ i min . These link parameters will change in the calculation algorithm. The DC servo motor limitations are also shown in Table 1 , and the robot motion has to be designed to satisfy these limitations.
Organization of robot motion equation by using DOFs number
When DOFs number n and link parameters are given as design parameters, the motion equation is determined (Miyazaki et al., 2016b) . Translational and rotational motion equations and kinematic relations between translational parameters and rotational parameters are obtained. For example, translational and rotational motion equations of intermediate link i(= 1, · · · , n − 1) are as:
where subscript x and y represent vector components of each direction. Subscript G represents a parameter around center of mass. is viscosity coefficient. Using these equations, the motion equation of the whole link system is represented as a matrix form. Unknowns are joint torques τ ∈ R n , joint internal forces f ∈ R 2n , link center of mass accelerationsp G ∈ R 2n and link joint accelerationsp ∈ R 2n .
Unknowns are moved to left side of the motion equation, and other items are moved to right side as:
where θ ∈ R n is joint angle vector which contains angle θ i (i = 1, · · · , n).θ andθ are joint angular velocities and joint angular accelerations. ℓ ∈ R n is link length vector which contains length ℓ i (i = 1, · · · , n). ℓ and n are defined as the design parameters. Row elements of matrix H I ∈ R 7n×7n and vector α I ∈ R 7n are determined by sequence of the motion equation, and column elements are determined by sequence of the unknown vector
Definition of motion pattern and design parameters
A motion pattern of the ball throwing robot is designed to maximize the ball reaching distance. Senoo et al. (2008) represented an angular velocity waveform by using a base function. In this paper, base functions (Miyazaki et al., 2016b) Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej. are used to represent joint angular waveforms of the robot as:
where
, and Sin(λ) ≡ diag
. λ is an arbitrary vector as λ = (5) is differentiated and integrated with respected to time t [s], and angle and angular velocity trajectories are defined as:
where θ 0 [rad] is one of the design parameters. Finally, design parameter vector ξ is defined as:
Design parameter vector ξ is calculated in the calculation algorithm. Throwing task conditions considered in the calculation of ξ are described in Section 3.5 ∼ 3.8. The throwing motion starts from a stationary posture, throws the ball by accelerating the hand tip, and finishes its motion with a stationary posture. In order to design the throwing motion, in this paper, the motion pattern was defined by using the base functions of Eq. (5) ∼ (7). However, it is impossible to design motion patterns of shapes that can not be represented by these base functions. For example, the base function of the joint angular velocity in this paper is given as the half cycle of the sine function. Therefore, this base function can not represent a periodic motion where the sign of angular velocity switches. As a method of designing a motion pattern of an arbitrary shape, there is a method of using time series motion data as design parameters. However, compared with the method of designing the parameters of the base function, this method generally increases the number of the motion design parameters and increases the calculation time.
Link parameter representation using link length
In this paper, link lengths (Miyazaki et al., 2014) . The intermediate and hand links are divided into 3 parts as shown in Fig. 4 . The base side part and hand side part consist of several parts , and the structures of these parts are treated as constant. On the other hand, the arm part consists of one part, which is processed from an aluminum channel material. The arm part length will change in the calculation algorithm. Link length ℓ i is a distance between centers of joint i and i + 1. When the arm part length is changed, link length ℓ i and the other body parameters are also changed. Link length ℓ i has to be larger than the total length of the fixed components, and link length limitation is given as:
In Fig. 4 , subscript b, a and h represent a parameter of the base side part, arm part and hand side part. ℓ ia len [m] is the length of the arm part. Parameters which enclosed by dash line are functions of ℓ i . The parameters of the arm part and hand side part are represented with ℓ i as:
where ℓ i0 [m] is an initial length of ℓ i , and ρ ia [kg/m] is an arm part mass per unit length. Using these parameters, the Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) [ parameters of link i are represented with ℓ i as:
Propagation of angular velocity waveform
The joint angular velocity waveform, obtained from Eq. (5), is represented in Fig. 5 left. Horizontal axes represent time or ball release time , and vertical axes represent angular velocity or expected ball reaching distance. The expected ball reaching distance is calculated from the robot hand position and velocity in the whole time during the motion, and its trajectory is obtained from the given angular velocity waveform as shown in Fig. 5 right. t v [s] is the peak time of the expected ball reaching distance trajectory. When a human throws a ball, a peak of the joint angular velocity waveform propagates from a trunk side to a hand side (Senoo et al., 2008) . This phenomenon of linking multiple joint motions to maximize the hand speed is called a kinetic chain (Senoo et al., 2008) and is frequently observed when the human performs an intense exercise such as sports. For example, in addition to the ball throwing motion considered in this paper, baseball batting, soccer shoot, etc. are also seemed to use the kinetic chain to maximize the speed of the end effector tip. From the viewpoint of the robot motion design, it is thought that the kinetic chain should be considered when the target task is a highly dynamic motion. In this paper, the ball throwing motion of the robot is also designed as a human-like motion, and a propagation condition of the joint angular velocity waveform (Miyazaki et al., 2016b ) is defined as:
is the peak time of angular velocity of joint i. Equation (20) is represented by using the design parameters as:
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Maximization of expected ball reaching distance
When design parameter ξ is given, the trajectories of each joint are determined from Eq. (5) ∼ (7). Using these trajectories, time series of hand position x h and y h , and hand velocityẋ h andẏ h are calculated kinematically. Expected ball reaching distance d b [m] is:
It is assumed that there is no external force to the flying ball, and air resistance is ignored. . The design parameter ξ will be calculated to maximize the peak value of this trajectory (Miyazaki et al., 2016b) . In Fig. 5 right, the timing of this peak value is t v , and t v also changes by optimization calculation along with the peak value. Finally, the ball will be released at the t v of the obtained calculation result, and the peak value of d b at the t v will be the ball throwing distance which is realized by the designed motion.
Limitations of angle, angular velocity and torque
The motion pattern has to be within the joint motion range, and it has to satisfy the limitations of angular velocity and torque (Miyazaki et al., 2016b) . The joint motion range is given as:
where θ(ξ) [rad] is the joint angle trajectory. θ min and θ max [rad] are lower and upper limits of joint angle. The limitations of angular velocity and torque are represented in Fig. 6 . In Fig. 6 , the dashed area in τ −θ space represents the feasible area of DC motor property. 
Also torque trajectory τ is obtained from design parameter ξ using Eq. (4), and inequality conditions to satisfy the limitations of angular velocity and torque are given as:
Condition of self-collision avoidance
The robot motion is designed to avoid self-collisions between ball throwing sequence (Miyazaki et al., 2016b) . Distances between joints and hand have to be kept larger than given thresholds. When the position of joint i (= 1, · · · , n−2) Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00147] is considered as a start point, and a relative distance vector ∆d is as:
where p i is a position vector of joint i, and p h is a hand position vector. Between the ball throwing sequence, the condition that ∆d is larger than threshold d c [m] is defined as:
In addition, to avoid a collision between a floor and the hand, hand height p hy [m] from the floor has to be larger than threshold p hy min [m] as:
When giving a strict condition for self-collision avoidance, it is necessary to consider not only the distances between joints but also the distances between links, and the distances between the link and the joint. However, taking all these distances into consideration, the number of combinations increases and the calculation cost increases. In this paper, in order to simplify the self-collision avoidance condition, only the distances between joints which can be calculated simply are taken into consideration. Giving this condition, the collisions between joints will be avoided, but there is a possibility of a collision between link and joint, or between links. In this paper, the robot mechanism is a serial manipulator, and the link shapes of the robot are all linear. Therefore, when the threshold of the distance between joints is set to a large value, it is expected that the distances between link and joint, and the distances between links will also become large, and the self-collision will not occur easily. However, the large threshold reduces the movable range of the robot, therefore it is necessary to give an appropriate threshold for the distances between joints in actual calculation. As a result of the calculation, whether the collision is actually avoided or not is confirmed by an animation of the robot link model generated from the angle trajectory of the motion pattern.
Calculation algorithm of design parameters
The problem to calculate design parameter ξ under the conditions described in Section 3.5 ∼ 3.8 is as:
In this paper, sequential quadratic programming (SQP) method is utilized as an optimization algorithm. In addition to SQP, other optimization algorithms such as gradient method and genetic algorithm (GA) are also available which can calculate Eq. (30). It is explained whether the optimization result depends on the initial design parameters. Since SQP, which is the optimization algorithm used in this paper, is classified as a local optimization method, the calculation result when using SQP depends on the initial value. On the other hand, if you want to eliminate the initial value dependency of the calculation result and to obtain the truly optimal calculation result throughout the design space, a global optimization method like GA can be utilized as the optimization algorithm. The calculation time is generally longer than the local optimization method. In this paper, we have selected SQP as the optimization algorithm by the following reasons: (1) the aim of this paper is to design a ball throwing motion like a human throwing motion which can be a desirable initial motion pattern, (2) as the joint DOFs number increases, the search dimension of the design parameter increases and the global optimization method cannot finish in a realistic time. A special feature of Eq. (30) is that joint DOFs number n is contained in design parameter ξ. The dimension of design parameter ξ will change along with joint DOFs number n, and Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00147]
equations of kinematic and dynamic analysis will also change. However, if n changes frequently between the calculation of Eq. (30), the change of object function d b will become discontinuous, and the convergence property of the calculation will become worse. Therefore, the calculation algorithm (Miyazaki et al., 2016b) is that initial n is set to a small value like 1, and n will be increased sequentially as shown in Fig. 7 . In Fig. 7 , the motion design parameters are designed along with the body design parameters for each joint DOFs number. In this paper, after the optimization calculation of Eq. (30) has converged, the calculation result with the maximum expected ball reaching distance in the obtained calculation history is regarded as the optimal solution in each joint DOFs number. First, when initial ξ is given, ξ with fixed n is optimized in Eq. (30), and ξ opt is obtained as:
After that, one DOF is added, and design parameter ξ ext which is added ξ add 0 to ξ opt is obtained as:
Next, ξ ext is given as an initial value, and Eq. (30) is calculated with fixed n + 1, and ξ opt ext is obtained as: 
and the calculation is repeated while adding DOFs. In the case that d b is larger than d b ext , it is assumed that expected ball reaching distance will not increase by DOFs addition anymore, and the final calculation result is obtained as:
Experimental validation 4.1. Calculation result
The calculation algorithm of the DOFs number, link parameters and motion pattern was applied to the real ball throwing robot. The limitations of the DC servo motor are set to as: θ i min = −1.5 rad, θ i max = 1.5 rad,θ i min = −5.5 rad/s, θ i max = 5.5 rad/s, τ i min = −3.0 Nm, τ i max = 3.0 Nm (i = 1, · · · , n) . These values are within the feasible ranges of the DC servo motor property as shown in Table 1 . Threshold d c and p hy min for self-collision avoidance are given as 0.1 m. Initial design parameter ξ 0 is set to as:
Initial design parameter of the additional joint is as:
The initial design parameter ξ 0 is discussed. The initial value of the joint DOFs number, which is one of the body design parameters, is set to 1. The initial value of the link length is set as the minimum length of the hand link. For the motion design parameters, the angular velocity is assumed to reach 2π rad/s after 0.25 s from starting the motion and to stop at 0.5 s. When the joint DOFs number is 1, the design space is small, therefore even if the initial value is slightly changed, the influence on the calculation result can be small. However, when changing the sign of the angular velocity, the ball throwing style could change from overhand throwing to underhand throwing. In this paper, the motion design parameters are set so that the ball throwing style of the 1 DOF robot becomes overhand throwing. Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) The initial design parameter ξ add 0 of the additional joint is discussed. The initial design parameter ξ add 0 of the additional joint gives the initial value of the body and of the motion of the hand link after adding the joint. The initial value of the link length is set as the minimum length of the hand link. And the initial value of the motion design parameter is set so that the amplitude of the joint angular velocity waveform is set as 0, and the angle of the added joint is fixed. Using these initial values, when comparing the robots before and after adding the joint, the length and the mass of the hand link are regarded to become large after adding the joint. However, the optimization calculation is started from the common throwing motion. As a result, it is expected that the motion after adding the joint will be designed as the imitated one of the motion before adding the joint.
Design parameter ξ was calculated with the given conditions, and the result was obtained as shown in Table 2 . In Table 2 , it is shown that expected ball reaching distance, total robot length which contains base link length 0.40 m, link lengths ℓ and joint angular frequencies ω in each joint DOFs number. When all components of ξ are listed, the size of Table 2 will become large (for example, when n = 6, ξ ∈ R 31 ). Therefore, only intuitively understandable components of ξ are listed in Table 2 . When n was 5, the expected ball reaching distance was maximized as 1.95 m. Comparing with the result in (Miyazaki et al., 2016b) , n was obtained as the same value. The expected ball reaching distance became short, because the height of joint 1 from the floor is lower than that height in (Miyazaki et al., 2016b) . The calculation result suggests that the height of the joint 1 from the floor does not have the large influence on the joint DOFs number which maximizes the ball flying distance. The validity of the proposed method is discussed from the ball reaching distance. The distance from the floor to the hand tip of the ball throwing robots shown in Table 2 . Since the expected ball reaching distances are less than twice of each total length of the robots, the expected ball reaching distances are short. The reason why the expected ball reaching distance becomes short is as follows. In this paper, the limitations of the DC servo motor are set as shown above, and these values are within the feasible ranges of the DC servo motor property as shown in Table  1 . In other words, the DC servo motor is used with some margin from the limit performance. The reason for this is that the ball throwing motion is a quite dynamic motion in which the hand speed is accelerated and decelerated in a short time. Authors' experience in the past experiment has shown that the load on the DC servo motor is large in the ball throwing Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00147] motion, and it is easy for the reduction gear to break down. The motor limitations which are set in this paper are the value in the range where the reduction gear of the DC servo motor cannot easily break, and the range is empirically known from the past experiment. Torque and joint angular velocity of motor are limited by Eq. (24) and (25) in order to satisfy the motor output characteristics. By using these limitations, the link length cannot be infinite, because the motor torque will be over the limit. Also, the joint angular velocity cannot be infinite due to voltage limit.
About the limitation of the joint DOFs number, we set the maximum DOFs number as 10 DOFs as the upper limit in the calculation. This limitation gives the timeout to prevent that the calculation time becomes too long. However, in the actual calculation, this limitation was not used because the loop calculation was completed when the calculation of the 6 DOFs robot was completed.
For example, the designed motion pattern of the 5 DOFs ball throwing robot is shown in Fig. 8 . In Fig. 8 , other than the figure (d) and (g) , solid color lines represent the joint angle trajectories. Blue lines are joint 1, green lines are joint 2, red lines are joint 3, light blue lines are joint 4 and purple lines are joint 5. Black dash lines represent given limitations. Upper figures in Fig. 8 represent the trajectories of angle, angular velocity and angular acceleration. The angle trajectories satisfy the given motion ranges. The lower left figure (d) represents the trajectory of the expected ball reaching distance, and * marker represents the throwing timing which maximizes the ball reaching distance. The lower central figure (e) represents the torque trajectories. The lower right figure (f) represents the trajectories whose horizontal and vertical axes are angular velocity and torque. All trajectories satisfy the given limitation which is represented by the black dash line. The lower right figure (g) represents the trajectory of the hand tip velocity. In this figure, the blue line is the horizontal velocity in x direction, the green line is the vertical velocity in y direction, and the red line is the absolute velocity. This figure shows that the ball throwing is executed at the moment that the absolute velocity of the hand tip becomes the maximum. About the calculated link lengths, all intermediate link lengths are 0.10 m, and the hand link length is 0.20 m. Figure 9 represents the motion of the designed 5 DOFs ball throwing robot. In this figure, the black solid line represents the link system of the robot, the blue circle markers are the joint positions. The red circle markers are the ball positions, and the red dash line is the ball trajectory through the throwing motion. The ball and hand are same positions before throwing at 0.8 s, and Fig. 9 represents that the hand will not collide with the floor. Also, the collisions between the joints and hand will not occur.
The calculation result of joint DOFs number n is considered. As shown in Table 2 , when n = 1, · · · , 5, the expected ball reaching distance became longer by the joint addition. After that, when n = 5 becomes 6, the expected ball reaching distance of n = 6 became shorter than that of n = 5. When n is a small number, the joint addition will contribute to enlarge the expected ball reaching distance, because active joints are increased, which are used to accelerate the hand velocity. On the other hand, when n is a large number, the arm mass is increased by the joint addition, and the joint torques of base link side are required large torques which are close to the given limitations. As a result, maximum joint angular velocities of base link side become slower, and the expected ball reaching distance become shorter. The joint DOFs number which maximizes the expected ball reaching distance will be different by the robot physical parameters and the actuator performance.
From the obtained calculation result, the propagation phenomenon of the joint angular velocity waveforms is dis- Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) [ In this figure, the blue line is the horizontal velocity in x direction, the green line is the vertical velocity in y direction, and the red line is the absolute velocity.
cussed. In Fig. 8 (b) , the peak timings of the joint angular velocity waveforms of the 5 DOFs ball throwing robot are 0.79 s for joint 1, and 0.81 s for joints 2 to 5, therefore almost all joint angular velocities are maximized at the same timing. The propagation condition of the joint angular velocity waveform is given by Eq. (21) and the timings described above satisfies Eq. (21), therefore there is no computational problem. However, it was not clearly shown the propagation phenomenon of the joint angular velocity waveforms from the calculation result of the 5 DOFs robot. Also, among the calculation results, it was investigated whether the propagation phenomenon of the joint angular velocity waveforms appears in the robots with other DOFs number. As a result, the propagation phenomenon could be observed with the 2 and 3 DOFs robots. In the case of the 2 DOFs robot, the peak timings of the joint angular velocity waveforms are 0.34 s, 0.36 s from joint 1 to 2 in order. Also, in the case of the 3 DOFs robot, the peak timings of the joint angular velocity waveforms are 0.55 s, 0.58 s, 0.66 s from joint 1 to 3 in order. On the other hand, at 4 DOFs or more, the peak timings of the joint angular velocity waveforms at the hand side became simultaneous. In the case of the 4 DOFs robot, the peak timings of the joint angular velocity waveforms are 0.70 s, 0.71 s, 0.76 s, 0.76 s from joint 1 to 4 in order. Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00147] In the case of the 6 DOFs robot, the peak timings of the joint angular velocity waveforms are 0.85 s for joint 1, and 0.90 s for joints 2 to 6. The propagation phenomenon of the joint angular velocity waveform is originally observed from the ball throwing motion of the human. In the design method of this paper, the robot arm is assumed that it has a similar mechanism to the human arm, and the propagation condition of the joint angular velocity waveforms is considered for realizing the humanlike ball throwing motion. However, in the obtained calculation result, it is shown that the propagation phenomenon does not occur when the joint DOFs number increases. One of the hypotheses for this could be the difference between human and robot dynamics. The size of the human body muscles generally decreases from the trunk side towards the hand side. Comparing with the robot motor, the muscles on the trunk side show low speed and high torque like a heavy motor. The muscles of the hand side show high speed and low torque like a light motor. In such a structure, the throwing style is advantage that propagates the kinetic energy sequentially from the trunk side to the hand side during the ball throwing motion. As a result, the propagation phenomenon of the joint angular velocity waveforms is observed. On the other hand, the ball throwing robot in this paper uses the same motor for all the active joints for the sake of the DOFs number calculation. Therefore, when considering the robot body on the same scale as the human body, the arm weight is relatively heavy. As the joint DOFs number increases, this tendency becomes significant. As a result, for the robot body with a high joint DOFs number, different throwing style, that accelerates all the joints at the same time, becomes an advantage.
Ball throwing experiments of designed 2 and 5 DOFs robot
The feasibility of the calculation result shown in Section 4.1 was validated by several experiments using the manufactured ball throwing robots. For example, experimental results of the designed 2 and 5 DOFs ball throwing robots are described in this section. The designed 2 and 5 DOFs ball throwing robots were manufactured as shown in Fig. 10 . About the calculated link lengths of the 2 DOFs robot, the intermediate link length is 0.13 m, and the hand link length is 0.35 m. About the calculated link lengths of the 5 DOFs robot, the intermediate link length is 0.10 m, and the hand link length is 0.20 m as described in Section 4.1. In this paper, these robots are controlled by using a basic PD control method. A sampling period of feedback control is set as 10 ms. Motion patterns which are calculated in Section 4.1 are given as target motion patterns. A motion pattern of the hand joint is given as a ramp function for realizing the hand opening motion. Depending on the motor used for the active joint, there is a case that torque control can be more effective. For example, when using a direct drive motor etc., high precision torque control is possible. For the DC servo motor used in Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) this paper, since the backlash of the reduction gear is large, high accurate torque control is difficult and position control is used.
Firstly, the experimental results of the 2 DOFs robot are shown in upper row of Table 3 , and an example motion is shown in Fig. 11 . In Table 2 , the expected ball reaching distance of the 2 DOFs robot was maximized as 1.30 m. On the other hand in Table 3 , the ball throwing experiments were executed 8 trials, and an average and standard deviation values of the ball reaching distance were 1.24 m and 0.04 m. The experimental results were close to the calculation result, therefore, the feasibility of the calculation result about the 2 DOFs robot was demonstrated.
Secondary, the experimental results of the 5 DOFs robot are shown in lower row of Table 3 , and an example motion is shown in Fig. 12 . In Table 2 , the expected ball reaching distance of the 5 DOFs robot was maximized as 1.95 m. On the other hand in Table 3 , the ball throwing experiments were executed 8 trials, and an average and standard deviation values of the ball reaching distance were 1.85 m and 0.03 m. The experimental results were close to the calculation result, therefore, the feasibility of the calculation result about the 5 DOFs robot was demonstrated.
From these experimental results, the feasibility of the calculation result shown in Section 4.1 was validated. The ball reaching distances have about 0.10 m error in each trial as shown in Table 3 , and reasons of the error are considered. This error will come from several reasons, and one of the reasons will be a difference of a ball grip position on the hand link. Miyazaki and Sanada, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00147]
The ball is put on the hand link as shown in Fig. 3 by an operator manually, therefore the ball grip positions will contain millimeter order error, and the ball throwing timing will change in each trial. Other reason will be an error between the target and realized motion pattern. Figure 13 represents the target and realized motion pattern of the 5 DOFs ball throwing robot. Dash and solid lines represent the target and realized motion pattern. Color lines represent trajectories of each joint angle. Blue lines are joint 1, green lines are joint 2, red lines are joint 3, light blue lines are joint 4, purple lines are joint 5 and yellow lines are hand joint. There are differences between the realized and target motion pattern because of time latency of the feedback control. Therefore, the ball release position will deviate from the target position, and the ball reaching distance will change. In particular, there is a case that the expected ball reaching distance is very sensitive to the ball throwing timing as shown in Fig. 8 lower left. In this case, the ball reaching distance can change largely even with a slight deviation of the ball throwing timing. For example, the error of the ball grip position and the time latency of the trajectory tracking control causes a deviation of the ball throwing timing.
Conclusion
This paper considered a particular case of the robot body design method which determines the DOFs number and the link parameters. Conclusions of this paper are as follows:
( 1 ) The target task is to throw the ball a long distance. The DOFs number, link parameters and motion of the ball throwing robot are determined to maximize the The DOFs number, link parameters and motion of the ball throwing robot are determined to maximize the expected ball reaching distance. To define the robot DOFs number as the design parameter, it is assumed that intermediate and hand links of the robot have identical actuators, and these link parameters are defined as functions of link lengths.
( 2 ) The calculation algorithm of the DOFs number, link parameters and motion pattern was applied to the real ball throwing robot. The expected ball reaching distance was changed along with the DOFs number, and as a result, 5 DOFs robot body and its throwing motion were obtained, and the expected ball reaching distance was maximized.
( 3 ) The feasibility of the calculation result was validated by the experiments using the manufactured ball throwing robots. The designed 2 and 5 DOFs ball throwing robots were manufactured. These robots are controlled by using a basic PD control method, and the designed motion patterns are given as the target motion patterns. The ball throwing experiments were executed 8 trials, and the average values of the ball reaching distance were obtained. The average ball reaching distances of the 2 and 5 DOFs robot were 1.24 m and 1.85 m. These experimental results were close to the calculation results, therefore, the feasibility of the calculation results was demonstrated.
The calculation algorithm of the DOFs number, link parameters and motion pattern will be applicable to other tasks which are different from the ball throwing task. To design other tasks, the evaluation function, task conditions and base functions should be changed. For example, when designing a reaching task, it is given a base function such as a sigmoid function that smoothly connects the starting and end posture of the joint angle trajectory. And it can be considered to minimize the required time for complete the motion as an evaluation function. Furthermore, as the reaching task conditions, it is given limitations of angle, angular velocity and torque, avoidance conditions of self-collision and obstacle, etc.. In the case of the reaching task, there is a possibility that the end effector cannot reach the target position, therefore it is necessary to stop the calculation in this case.
Since the design method of this paper focuses on designing the joint DOFs number in the calculation algorithm, the target robot to be designed is limited to the planar serial manipulator in order to simplify the problem. As a future work, authors would like to expand the design method of this paper so that it can be applied to the design of a 3-dimensional spatial robot. Authors designed link parameters and motions of the 3-dimensional spatial robot that perform ball throwing motion in previous research (Miyazaki et al., 2016 a) . However, in the robot body designed here, the joint DOFs number and configuration of the robot link system were given as constant. When applying the design method of this paper to the 3-dimensional spatial robot, we will add the joint DOFs number as a design parameter, however, it is also necessary to design the joint orientation. The design of the joint orientation is not considered in this paper. Therefore, a new idea is required. As a future work, the actuator selection and joint configuration will be added to the calculation algorithm.
